Abstract Acoustic waves generated in nanosecond pulsed-laser ablation of a solid target in both air and water-confined environments were measured experimentally. It was found that the amplitude of the acoustic wave tended to decrease with an increase in water thickness. The waves were analyzed by means of fast Fourier transform. It was shown that there are several frequency components in the acoustic waves with the dominant frequency shifting from high frequency to low frequency as the thickness of the water layer increases. Furthermore, strong acoustic pressure led to enhancement of the coupling of the laser energy to the target in laser plasma propulsion.
Introduction
When a high-energy pulsed laser beam is focused on a target, the laser energy is absorbed in a thin layer and a high-pressure plasma is generated. If the target is covered with a liquid layer such as water, the plasma is confined and its expansion will be delayed. It has been proven that the magnitude of the induced ablation pressure in water confinement can be enhanced by an order of magnitude and the shock wave can also last 2-3 times longer than that for direct ablation in air at the same laser density [1, 2] . Water-confined ablation has already shown its efficiency in material surface processing [3] , tissue ablation [4] , nanoparticle formation [5] and microstructure fabrication [6] . In recent years, water-confined ablation has been applied to laser plasma propulsion to enhance the propulsion efficiency [7, 8] and various irradiation parameters, such as wavelength, pulse duration, and pulse intensity, have been explored. Only a few publications, however, have studied the effect of the water layer thickness on the generated acoustic wave. In particular, this study would help us to clarify the effect of an acoustic wave on laser propulsion efficiency.
This study elucidates the properties of the acoustic wave generated within the plasma. The method of fast Fourier transform was used to analyze the acousticwave frequency. The acoustic transient pressure generated during laser ablation was measured, and the effect of water thickness on acoustic pressure as well as the coupling coefficient are evaluated and discussed.
Experimental setup
The experimental setup for the laser ablation of a solid target under water confinement is shown in Fig. 1 . A nanosecond laser pulse with a wavelength of 532 nm and pulse duration of 10 ns was used as the ablation source. The laser beam was redirected by a mirror and then focused by a lens (f =500 mm, Φ=50 mm) onto the target surface. The target was immersed into water contained in a glass cuvette. The thickness of the water layer above the target surface was adjusted from 0.5 mm to 10 mm by adding or removing water from the cuvette. The water layer was held constant throughout the ablation process. When the water layer is thinner than 1 mm, it is difficult to control the exact thickness because of the surface tension.
A wide-band microphone, with a frequency range from 20 Hz to 100 kHz, was used to detect the generated acoustic wave. The microphone was placed in air about 5 cm away from the laser spot. The audible signal received by the microphone was input into an oscilloscope to record the acoustic wave evolution. In addition, the transient pressure during laser ablation was monitored using a commercial force sensor with a precision of about 0.05 N. The force sensor is mounted below the target. The pressure force was recorded by the oscilloscope with pressure being calculated from the amplitude of the detected signal. ) shows the acoustic wave amplitude obtained for the laser ablation of aluminum both in air and submerged in different thicknesses of water. It was found that the maximum amplitude was reached when the water thickness was about 0.5 mm. An accurate thickness was very difficult to control in experiments due to the water surface tension, especially for a thickness less 1 mm. This result shows that a thin water layer can effectively enhance acoustic wave generation and emission while higher thicknesses act to attenuate the acoustic wave amplitude. This was demonstrated by the obtained amplitude values of 5.2 V and 5.6 V corresponding to ablation in air and 0.5 mm of water, respectively. There should be an optimum thickness of less than 0.5 mm that generates the maximum acoustic wave amplitude. However, higher acoustic wave amplitude does not mean a higher acoustic pressure. This is because one part of the acoustic wave pressure comes from the water layer confinement. A thin water layer has less effect on the confinement, thereby resulting in a lower acoustic pressure and a lower coupling coefficient in laser plasma propulsion. Fig. 2(b) shows the effect of the incident laser energy on the wave amplitude. A solid line fitted to the experimental data is given as a guide. It shows that with an increase of the incident laser energy, the amplitude exhibits an approximately linear increase, and it is higher in air than that in water confinement. The slope of the fitted line indicates that the higher the incident energy, the higher the amplitude presented in water confinement. It was also found in the experiment that the incident laser energy only affected the value of the wave amplitude. The width, rising and falling time of the wave signal almost remained unchanged. In addition, the obtained amplitude is related to the properties of the target material, the liquid layer viscosity and other characteristics [9, 10] . To investigate this, a solid delrin target was tested for comparison with the aluminum. With a water thickness of 1.5 mm, the amplitude is 2.4 V and 1.4 V for aluminum and delrin, respectively. On the other hand, glycerol with different viscosities was used for the confined liquid in order to investigate the effect of liquid viscosity on wave amplitude. It was found that the amplitude was 1.2 V and 0.3 V corresponding to a viscosity of 0.65 Pa·s and 1.499 Pa·s, respectively. Higher viscosity reduced the bubble formation/collapse intensity, and thus resulted in a lower amplitude [11−14] . The wave evolution process was also found to be different in air and in water. An example of typical acoustic wave evolution is given in Fig. 3 . It shows that more periods of oscillation are presented under water confinement. The water absorbs more energy and causes a larger cavitation bubble diameter, which leads to many oscillating periods [15−17] . The width of the oscillating period is related to the confinement liquid viscosity. A high viscosity not only greatly reduces the wave amplitude as described above, but also significantly reduces the wave expansion and prolongs the wave existence period. The period is about 0.4 ms and 0.18 ms for glycerol and water respectively, as shown by arrows in Fig. 3 . Fig. 4 shows the frequency spectra of acoustic waves generated for water layer thicknesses of 0.5 mm, 1.5 mm, 3 mm, 4 mm and 8 mm, respectively, with an incident laser energy of 10 mJ. It was found that there were many peaks when the water layer thickness was 0.5 mm. With increasing water layer thickness, the frequency shifted from high frequency to low frequency, especially in Fig. 4(b) to (e). There is a dominant peak near 6.5 kHz for a water layer thickness of 1.5 mm. When the water layer thickness was increased to 3 mm, a peak near 4.2 kHz appears and the peak value was higher than that at 6.5 kHz peak. When the water thickness was increased further, a peak near 2.4 kHz appeared and then gradually became a dominant peak. When the water layer thickness was above 8 mm, there was no apparent dominant peak appearance in the spectra. Under this condition, the laser is focused in the water interior and most of the laser energy is absorbed by the water. Target ablation accordingly becomes very weak.
When a target is covered with a water layer and is irradiated by a pulse laser, a high-temperature and highpressure shock wave is created, which then expands adiabatically at a supersonic velocity. The target is therefore subjected to a force due to momentum conserva-tion, which is the principle of the laser plasma propulsion. There are two parameters to describe the propulsion efficiency, namely the coupling coefficient and the specific impulse. The coupling coefficient is defined as the ratio of the target momentum to the incident laser energy, and the ratio of the coupling coefficient to the target consumption mass is the specific impulse. In recent years, the use of a water layer has gained much attention as a non-polluting method to enhance the propulsion efficiency. In order to investigate the effect of the acoustic waves on the propulsion efficiency, the pressure and the coupling coefficient accompanying the generated acoustic wave generation were measured as shown in Fig. 5 . The coupling coefficient was obtained by a photo-electricity device [18, 19] . It was found that as the water layer thickness increased, the transient pressure had a maximum value at the water thickness of about 6 mm. With a greater thickness such as 10 mm, because most of the laser energy was absorbed by the water, the generated pressure decreased. With a layer thinner than 6 mm a decrease was also observed, because the plasma could not be efficiently confined. Under these conditions, target ablation is very weak and the pressure is mainly determined by the acoustic wave. The dependence of the coupling coefficient on water thickness follows similar tendencies. In the case of water-confined ablation, additional acoustic waves impact on the target surface and the inverse force of the water splashing also contributes to the coupling coefficient. When the target is in an air environment the degree of ablation is so low that the coefficient is difficult to measure experimentally. 
Conclusion
Acoustic wave generation in nanosecond pulse-laser ablation of targets both in air and under water confinement was detected and analyzed. It was found that the amplitude of the acoustic wave is related to the laser energy, target material, liquid viscosity and liquid thickness. From the wave evolution process, it is found that the acoustic wave completes more oscillations in water than in air, and the dominant frequency shifts from high frequency to low frequency. The variation in the acoustic wave pressure and the coupling coefficient of the laser plasma propulsion with water layer thickness in laser plasma propulsion were measured. Both of them follow a similar variation tendency with a suitable water thickness corresponding to both maximum pressure and coupling coefficient. This indicates that a strong acoustic pressure results in a high coupling coefficient in laser plasma propulsion.
